Introduction
Over past decades, one of extensively used techniques for soil stabilization is using customary cementitous additives such as cement, lime, and fly ash [1] [2] [3] [4] [5] . Among all, cement is often used as a principle additive to enhance mechanical properties of soil such as strength and stiffness within a curing time [6] [7] [8] [9] . One of the most dominant types of soil in tropical regions is residual soil [10] . Many researchers reported that addition of 6-10% cement to residual soil with plasticity indexes in a range of 10-20% has been recommended to achieve the maximum possible strength for base construction [7, [11] [12] [13] . Improvement in properties of cement treated residual soil has been mainly attributed to soil-cement reactions [3, 14] , which produce primary and secondary cementitious materials in the soil-cement matrix [12, 15, 16] . The primary cementitious materials are formed by hydration reactions and are comprised of hydrated calcium silicates (C 2 SH x , C 3 S 2 H x ), and hydrated lime Ca(OH) 2 [17] [18] [19] . A secondary pozzolanic reaction between hydrated lime, silica, and alumina from the clay minerals leads to the formation of additional calcium silicate hydrates and calcium aluminate hydrates [3] . Despite enhancement of geotechnical properties of soil treated with cement, there has been a concern for adoption of cost-effective solutions and reduction in quantities of environmental impact of cement used. Accordingly, an increasing attention has been focused on use of alternative supplementary additives as replacements or additions to the cementsoil matrix [4, 10, 20] .
With the emergence of nanotechnology, inclusion of nano materials in cementitous composites was a subject of many studies [21] . Reportedly, nano materials enhance properties of cement matrix through several mechanisms [22] [23] [24] [25] . For example, nanosilica contributes to a denser microstructure of the cement matrix by filling pores and better distribution of hydration products through nucleation effect [25] [26] [27] [28] . Moreover, nanosilica with high amount of SiO 2 increases the pozzolanic reaction rate and leads to a stron-ger interfacial transition zone (ITZ) and denser microstructure of the cement matrix [24, 25] . Despite advantages of hybrid usage of nanosilica and cement in soil mechanics including seepage, grouting, and soil stabilization, very few investigations have been performed regarding application of nanotechnology in geotechnical engineering. In limited investigations performed in this field, Zhang [65] studied effects of nanoclay particles on engineering properties of fine soil. He concluded that the soil containing nanoparticles with intraparticle voids in nanoscale, usually demonstrated higher liquid and plastic limits, and the presence of nanosilica particles enhanced the soil shear strength. Mohammadi and Niazian [29] also carried out a study on plasticity and strength characteristics of clayey soil and its mixture with nanoclay. The results showed that adding montmorillonite nanoclay into the soil increased the liquid limit and plasticity index and improved the unconfined compressive strength of soil. Also, a study by Taha and Taha [30] reported that mixtures of soil and nanomaterials enhanced engineering properties of soil such as compaction characteristics, volumetric shrinkage strain, and volumetric expansive strain. As for hybrid effects of nano materials and soil treated with cement, Bahmani et al. investigated effects of nanosilica on cement treated residual soil at early ages of treatment. They reported an enhancing effect of nanosilica on mechanical properties and microstructure of cement treated soil at ages up to 7 days. They argued that small fractions of nanosilica can enhance the mechanical properties such as compressive strength and the amount of 0.4% by weight of dry soil was reported as an optimum addition level of nanoparticles [10] . So far, effects of different contents of nanosilica and its particle size on stabilization of cement-soil matrix at later ages have not yet been studied. The overarching purpose of this study is to investigate effects of particle size and content levels of nanosilica on treated soil over time at ages between 7 and 28 days. Accordingly, physical properties of treated residual soil with binary mix of nanosilica and cement were investigated and explicated using zeta potential, cation exchange capacity (CEC), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). The study can provide key insights on effects of nanosilica with different sizes and contents on strength development of cemented residual soil in a course of 28 days.
Experimental work

Materials
The residual soil was collected from an excavation operation at depth of 1-3 m in Malaysia. The particle size distribution curve for the soil is shown in Fig. 1 . The soil was tested in compliance with standard procedures specified in BS 1377-2 [31] to determine its physical properties, namely specific gravity, liquid limit (LL), plastic limit (PL), shrinkage limit, and grain size distribution. Table 1 shows the properties of the soil, which are indicative of an inorganic clay with low plasticity (CL). X-ray diffraction results illustrated a high illite content with some quartz and kaolinite (Fig. 2 ). In this study, Portland cement type (I) grade 32.5 MPa was used in compliance with ASTM C150 [32] . The physical and chemical properties of the cement are given in Table 2 . Cement was replaced by 0.2, 0.4, 0.8, and 1% nanosilica with average sizes of 15 and 80 nm and surface areas of 640 ± 12 m 2 /g and 440 ± 32 m 2 /g (BET), respectively. The density was 0.14 g/cm 3 with 99.9% trace metal basis and melting point of 2040°C (lit.) manufactured by Nanostructure & Amorphous Materials, Inc. (USA).
Sample preparation
A mini compaction apparatus devised by Asuri and Puvvadi [33] was used to prepare samples for unconfined compressive strength. The apparatus consisted of a mould with an internal diameter of 50 mm and a height of 100 mm with a falling hammer weighing 1.0 kg. Forty blows per layer were applied to three layers of soil. This apparatus is simple and quick to use, requires comparatively little effort, and saves on soil. Test specimens for compressive strength can be obtained quickly and with minimal disturbance. The specimens were comprised of the residual soil; cement treated soil with 6 and 8% cement with 0, 0.2, 0.4, 0.8, and 1% nanosilica as cement replacement to evaluate the compaction properties of untreated and treated samples. All the proportions were measured as percentage by weight of dry soil. Throughout this study, samples are denoted with cement percentage and nanosilica content and size, (e.g. 6% cement +0.2% SiO 2 À15 nm). The nanosilica in powder form were mixed with distilled water using a magnetic stirrer at 120 rpm [35] . The mixture was then sprayed on the samples to disperse moisture within the soil particles, forming a homogeneous blend and to prevent agglomeration of the nanoparticles [36] [37] [38] [39] . The mixtures were kept in sealed plastic bags for 24 h. The specimens were then prepared at 95% maximum dry density (MDD) and on the wet side of optimum moisture content (OMC) with the mini compaction apparatus. The remoulded specimens were then sealed and cured in plastic bags to avoid evaporation at a temperature of approximately 23°C and 90% humidity for 7, 14, and 28 days as in BS 1377-5 [31] .
Test procedure
Atterberg limits
The Atterberg limits of the soil were determined in accordance with BS 1377-2 [31] . The residual soil was graded using a sieve with a diameter of 425 lm. The particles retained on the sieve were rejected. The particles smaller than 425 lm were then oven dried for at least two hours prior to testing. Atterberg limit tests were carried out on the soil with different proportions of cement and nanoparticles immediately after mixing.
Unconfined compressive strength tests
The unconfined compressive strength test was performed on cylindrical specimens at 7, 14, and 28 days in accordance with BS 1377-7 [31] . A compression testing machine with sensitivity of 0.2 N and loading rate of 1.5 percent/min was used.
Smooth metal sheets were placed at the bottom and top of each specimens during the unconfined compression test to minimise end effects [3] . The tests were repeated on at least three identical specimens to minimise possible errors caused by variation in materials and testing conditions and an average value was used in reports.
Electrical resistivity (ER)
Electrical resistivity (ER) of the compacted specimens with varying amounts of nanosilica (particles size of 15 and 80 nm) were measured at a same water content using the two-electrode probe method. The electric frequency of the test apparatus was set as 20 Hz. The schematic of the test method is shown in Fig. 3 . The electrical resistivity of the soil-SiO 2 mixture, q (Xm), was calculated based on the following equation:
where DU = the electrical voltage applied to the soil (volts), I = the electrical current (amps), A = the cross section area (m 2 ) through which electrical current conducts, and L = the length of the specimen (meter) parallel to the electrical current.
Zeta potential
The Zeta potential (f) of the specimens with or without nanosilica were measured by Malvern Zetasizer 3000HSA (Malvern Instruments, Ltd.) equipped with a microprocessor unit. The unit automatically calculates the electrophoretic mobility of the particles and converts it to f using the Smoluchowski equation. This equation is the most elementary expression for f that gives a direct relation between f and electrophoretic mobility,
where EM is electrophoretic mobility at an actual temperature, V t is velocity of the suspending liquid, Dt is a dielectric constant, p is constant, and f is zeta potential [40, 41] . The residual soil was dried at a temperature of 80°C for 48 h. The samples were sieved with a No. 100 (150 lm) size sieve.
For the f measurements 50 mg of specimen was transferred into a 50 mL of an aqueous solution and stirred using a magnetic stirring bar. Before and after each measurement the type-II UVA micro-electrophoresis cell was washed with deionized distilled (DDI) water before and after use to prevent cross-contamination. The electrophoresis cell was filled with solution, then electrodes were inserted and cell was placed on a mirrored cell holder. Before each measurement, optic was aligned with positioning line. After each measurement pH of the solution was measured again. If any changes occurred in the pH, the last one was recorded as pH of the solution. The temperature of the room was 22.5 ± 2.5°C during the experiments.
Cation exchange capacity (CEC)
The cation exchange capacity (CEC) of soil is a measure for quantity of negatively charged sites on soil surfaces that can retain positively charged ions. The CEC of soil was measured at pH = 7 with the ammonium acetate method [42] . About 125 ml of NH 4 OAc (1 M) was added to 25gr of soil samples in a 500 ml Erlenmeyer flask shaken and allowed to stand overnight. The soil samples were washed gently with NH 4 OAc using a Buchner funnel filtration, followed by washing with 95% ethanol. The NH 4 + was extracted by leaching the soil with eight separate 25 ml additions of KCl (1 M). The concentrations of NH 4 + -N were determined by an auto analyser.
The CEC was expressed based on meq/100 g (mill equivalents of charge per 100 g of dry treated and untreated soil).
2.3.6. Chemical and microstructural tests SEM analyses, XRD and FTIR of the treated and untreated residual soil were carried out to trace microstructural and chemical effects of nano-SiO 2 particles on cement-treated residual soil. XRD analysis of specimens were carried out using a Shimadzu XD-D1 X-ray diffractometer. XRD patterns were then obtained using a Cu Ka (k = l.5148 Å) x-ray tube with an input voltage of 30 kV and a current of 30 mA. A continuous scan mode and scan rate of 2h were selected. Air-dried powdered samples (particle size less than 63 lm) of treated and untreated soil samples were used. SEM analyses of treated and untreated soil were carried out by a Hitachi 4100 field emission scanning electron microscope. The soil samples were dried completely prior to SEM analysis. Air-drying may be suitable for very stiff soil (i.e., cement-treated soil) since it does not undergo significant shrinkage [43] . Moreover, Samples for FTIR analyses were prepared by mixing 1 mg of sample with 300 mg of KBr and spectra were obtained using a Shimadzu's IRPrestige-21 Fourier Transform Infrared series spectrophotometer at a resolution of 1 cm À1 , over the range from 400 to 4000 cm À1 . evaporable water to weight of total solid, which consists of soil and cement with nanosilica, and is determined by heating the soil in an oven at temperature of 105°-110°C for 24 h. As can be seen from the figures, the addition of cement to both 6% and 8% increased the water content at all ages of curing, albeit, the changes after 14 days of curing was more gradual. It was also observed that the water holding capacity of samples with 8% cement was slightly higher than that of samples with 6%. Similarly, the addition of nanosilica to the cemented soil increased the water holding capacity by up to 13% and 21% for samples with 15 nm and 80 nm, respectively at the first day of curing. The lower rate of water content in samples with 15 nm nanosilica during mixing shows less amount of free water (evaporable water) in the matrix, which may indicate that the smaller size nanosilica is more reactive. However, the test revealed that as the dosage of nanosilica increased from 0.2 to 1%, the water content increased proportionally. The reason be may explained by less reactivity of nanosilica at higher dosages since dispersion may be hindered by agglomeration of particles. As for nanosilica with 80 nm particles, there was a sharp decrease in the water content of samples during the first 7 days of curing, which may refer to effectiveness of 80 nm nanosilica on hydration process over time comparing to 15 nm silica particle. It should be noted that the decrease in water content in samples with nanosilica, in general, was sharper than that of samples with cement only, which may show the accelerating effect of nanosilica on hydration of cement [10, 25, 27, 44, 45] . It was also observed that after 14 days of curing the rate of decrease in free water was almost the same for both sizes of nanosilica although samples with 80 nm silica yet maintained their water content at a higher level than that of samples with 15 nm silica particles. The change in water holding capacity of samples with presence of different percentages of nanosilica can also be traced in consistency limits of the cement treated residual soil. The LL, PL, and PI of the soil samples are shown in Figs. 5 and 6. Fig. 5 illustrates the average results of three samples for each dosage of cemented soil. As can be seen, there was a direct proportion between consistency limits and the loaded cement. The addition of 6 and 8% cement by weight of dry soil increased the LL by 3% and 5%, respectively. This may be corresponded to the added plasticity of the soil with presence of cement between soil grains, which would increase the water holding capacity of the soil. The same trend was also observed in the plastic limit of soil with the presence of cement. Accordingly, the higher rate of increase in the PL at higher dosages of cement resulted in a decrease in plastic index. The findings are consistent with previous studies [12, 46, 47] . As can be seen, there was a steady increase in the LL of the nano-SiO 2 treated soil at 6% and 8% cement levels as higher dosages of nanosilica were incorporated. However, the PL of the specimens with silica nanoparticles and 6% cement initially increased at nano-SiO 2 content of 0.2% but then decreased at higher contents. The same trend was also observed when the cement content was increased to 8%. Nonetheless, the inclusion of higher loads of nanosilica particles of 80 nm increased the PL at cement level of 8%, which may be due to lower reactivity of 80 nm silica particles especially at higher dosages, which delays the hydration and causes higher availability of water in the mix. However, with the presence of 6% cement the increasing trend in PL continued in higher contents of up to 0.8% nanosilica. In general, the changing trend was more remarkable for nanosilica particles with the median size of 15 nm due to lower amount of water content in the beginning of mixing ( Fig. 4(a) and (b)). As can be seen from Fig. 6 , the PL index of samples with 15 nm silica particles were lower than that of samples with 80 nm silica particles at all cement contents, which may be due to the availability of less free water in the matrix. The accelerating effect of smaller size nanosilica on hydration with higher amounts of cement may well explain the lower water content in samples with 15 nm nanosilica [10, 25, 27] . Also, Fig. 6 depicts the effect of different percentages of SiO 2 nanoparticles on the PI of cemented soil at different cement levels. In all cases, there was a direct proportion between the percentages of SiO 2 nanoparticles and the PI of the specimens. As can be seen from the figures, lower loads of nanosilica of up to 0.4% resulted in the lowest PI for all samples with 15 nm silica particles. The same trend was observed for samples with nanosilica of 80 nm. The results were also indicative of an increase in the PI of samples when dosage of nanosilica exceeded 0.4 which can be corresponded to agglomeration of nano particles at higher dosages.
Results and discussion
Effect of nanosilica on the unconfined compressive strength
The results of unconfined compression test of specimens cured at 7, 14, and 28 days are presented in Fig. 7(a)-(d) , respectively. As can be seen, the compressive strength was improved with the increase of cement content and curing time which is in agreement with the previous studies [3, 7, 9, 20, 43, 48, 49] . Fig. 7(a) depicts the effect of 0.2, 0.4, 0.8, and 1% nanosilica (15 nm) on the compressive strength of soil treated with 6% cement (by weight of soil) in the course of time. As can be seen, the compressive strength increased by 141%, 124%, 141% at 7, 14, 28 days of curing when 0.4% nanosilica was added to the cemented samples. The addition of more than 0.4% nanosilica depleted the strength of the specimens at all ages, albeit, the strength level for samples with up to 0.8% nanosilica was higher than that of control samples. The incorporation of more than 0.8% lowered the strength below the control samples level, which may be related to agglomeration of excessive amount of nanosilica [25, 27] . The same trend was observed when different dosages of nanosilica was added to 8% cement ( Fig. 7(b) ), however, the overall strength grew higher with the presence of higher content of cement. The maximum strength was recorded for samples with 0.4% nanosilica which were 203%, 204%, and 237% higher than control samples (8% cement) at 7, 14 and 28 days. It was observed that the addition of 0.4% nanosilica had a more remarkable effect on samples with 8% cement comparing to cemented samples with 6% at later ages of 28 days. This may be due to existence of higher rate of involvement between nanoparticles and cement at higher cement levels.
The results of compressive strength of samples with nanosilica with average size of 80 nm are illustrated in Fig. 7 (c) and (d). The maximum strength was achieved for the samples with 0.4% nanosilica, however, the augmented strength was limited to 83%, 78%, and 138% comparing to control samples (6% cement) and 59%, 69%, and 152% comparing to control samples (8% cement) at 7, 14, and 28 days, respectively. As can be seen, the addition of larger nanosilica particles decreased the effectiveness of nanoparticles on the strength gain at all ages.
To scrutinize the effect of particle size and replacement content on the increase rate of samples, the percentage of increase rate in compressive strength of specimens with respect to the associated control samples is shown at different ages of curing ( Fig. 8 ). As can be seen, the increase rate was almost constant at all ages of curing time for samples with 15 nm silica particles although it was augmented as the cement content increased to 8%. It can be concluded that the effectiveness of nanosilica was the same with the presence of smaller size of nanoparticles as the curing age increased. For both cement contents, the highest rate of increase was recorded in samples with 0.4% nanosilica followed by 0.2 and 0.8%. The adverse effect of 1% nanosilica is also illustrated in the figure. On the other hand, the graph shows that the eminent influence of nanosilica with an average size of 80 nm was revealed to be at later age of 28 days. As can be seen, up to 14 days the rate of strength gain was constant in all samples although the dosage of nanosilica as well as cement content played a key role. The slope of graphs from 14 days to 28 days shows that the effectiveness of nanosilica (80 nm) initiated after 14 days of curing and was more remarkable in sample with cement content of 8%. The results of compression test are consistent with consistency limits of samples ( Fig. 6 ). Fig. 9 shows effects of the addition of nanosilica on strain at peak compression stress at different curing days. As can be seen from the figure, the addition of nanosilica to the cemented soil decreased the strain at peak stress of samples at 7, and 28 days curing. The minimum strain at compression was 0.8% and 1.2% for 6% and 8% cement at 28 days, respectively when 0.4% silica nanoparticles of 15 nm were used. The study confirmed that the addition of nanosilica to the cemented soil changed the brittle behaviour of cemented soils to even more brittle ones. In addition, Fig. 9 illustrates the effect of size of nanosilica at different dosages on the strain of samples with presence of 6% and 8% cement at different curing ages. It was observed that the addition of 15 nm nanosilica decreased the strain to a lower extent comparing to larger nano particles.
Effect of nanosilica on electrical resistivity (ER)
Electrical resistivity (ER) provides a measure of voltage potential gradient through the soil matrix when an electrical current is induced across a soil specimen. Soil resistivity is dependent on vol-ume fractions comprised of particles and voids, the mineral composition of particles, and the chemical composition of the pore fluid as well as soil particle specific surface area, and degree of saturation [50] . In the case of cement treated soil, percentage of cement also influences the resistivity as the hydration products (C-S-H and calcium hydroxide) increase the tortuous pathway for electric current [51] . Fig. 10 shows a clear comparison between apparent resistivity with different cement percentage (6 and 8%) and nanosilica (0.2, 0.4, 0.8, and 1%) at 7, 14, and 28 days of curing time. Results show that values of ER increased based on cement and nanosilica percentage and curing time. As can be seen, the electric resistivity of samples with 8% cement was 2%, 2%, and 3% higher than 6% cement at 7, 14, and 28 days. The results are consistent with previous works on electric resistivity of cement treated soil [50] . It was also observed that the addition of up to 0.4% nanosilica augmented the electric resistivity at a higher rate than the control samples. It is safe to state that nanosilica increased the tortuosity of voids, although water content increased in samples with nanosilica ( Fig. 4) . Furthermore, the results show that there is a direct relationship between resistivity and the compressive strength of samples. A good relationship between electric resistivity, geotechnical properties and hydration process of cementitous material was also reported in previous studies [51, 52] . On the other hand, it was also observed that size of nano particles affected the electrical resistivity of samples. As can be seen, samples with 15 nm particles showed higher resistivity which may refer to higher formation of cementitous hydration product. This effect was more remarkable at the first 14 days of curing time while inclusion of 80 nm particles had almost the same effect on ER at 28 days.
Chemical composition and microstructure
XRD
Figs. 11 and 12 illustrate X-ray diffraction peaks identified for soil, soil with 8% cement, and soil with 8% cement and 0.4% nanosilica (15 nm and 80 nm) at 7 and 28 days. The most important peaks to be traced were related to CH which were identified at 2h = 18°and 34° [3, 44, 53, 54] . As can be seen from the figures, the addition of cement to the soil caused the CH related peaks to appear at the aforementioned 2h. However, the addition of nanosilica of different sizes changed the CH peak intensity at 7 and 28 days. Change in crystalline phase of CH is known to contribute to durability and strength and may implicitly represent the formation of C-S-H clusters [24, 27, 28] .
As can be seen from Figs. 11 and 12 , the addition of 15 nm nanosilica decreased the intensity of CH peaks at 7 days of curing comparing to purely cemented samples while nanosilica with larger particles had an inverse effect on CH crystal growth. It can be postulated that the decrease in the CH intensity peak with the presence of 15 nm particles may be related to higher pozzolanic reactivity of nanosilica with higher surface area at early ages. At the same time, other characteristic effects of nanosilica such as nucleation effect or hydration acceleration might have led to an increase in intensity of CH with the presence of 80 nm nanosilica. The XRD results at 7 days indicate that 15 nm nanosilica was more effective on formation of C-S-H in the matrix comparing to purely cemented soil and cemented soil blended with 80 nm nanosilica. The results from XRD test are in agreement with compressive strength of samples at 7 days. However, the reduction in CH intensity peak of samples with 80 nm nanosilica at 28 days indicate the initiation of pozzolanic reaction of particles at later ages. Both sizes of nanosilica showed to be effective on consumption of CH and formation of secondary C-S-H at 28 days. The results from compressive strength of samples also revealed the increased efficiency of 80 nm particles at later ages. The X-ray diffraction patterns at 7 Fig. 9 . Effect of addition of nano SiO 2 (a) 15 nm (b) 80 nm on strain at peak stress of cemented soil at 7, 14, 28 curing days. Fig. 10 . Effect of nanosilica on electrical resistivity of cemented soil after 7, 14, and 28 days. Fig. 11 . X-ray diffraction patterns of cement treated soil with nanosilica (15 nm) at 7 and 28 days. The reflection is labelled p (Portlandite), and q (Quartz). and 28 days also support the findings from ER tests and explain the late age improvement of 80 nm silica particles in cemented soil. Fig. 13 shows the FTIR spectra of Si-O-Si band at 1000 cm À1 [10, 27, 55, 56] in 8% cement treated soil with 0.4% nanosilica (15 nm and 80 nm) at 7, 14 and 28 days. This band is related to the complex spectra of C-S-H [6, 21, 26] . The vibration bands appearing in the FTIR spectra were consistent with the characteristic signals of C-S-H gels previously described in the literature [57, 58, 25] . Given these observations, the differences in the transmittance percentages and positions of the peaks in the soil-cement mixture with nanosilica reveal that the nature and amount of the C-S-H phase changed over time. From the aforementioned results, it can be concluded that SiO 2 nanoparticles readily reacted with water and calcium hydroxide, a product of cement hydration, to produce additional C-S-H gel. The additional C-S-H may increase the compressive strength of nanosilica-cement specimens. FTIR spectra also confirm that the reactivity of 80 nm nanosilica maximized at later ages (from 7 to 28 days) while the effectiveness of 15 nm nanosilica initiated as early as 7 days. In general, the traced Si-O-Si bands were larger in samples with 15 nm particles which is consistent with results from the compression test.
FTIR
Effect of nanosilica on zeta potential
Zeta potential (f) is defined as the electrical potential at the hydrodynamic plane of shear (on slipping plane) and is an intrinsic property of a mineral particle in a liquid [59] . Many studies have been conducted to evaluate the f and isoelectric point of chemical materials in order to explain their physico-chemical properties such as adsorption, coagulation, stability, flotation, and viscosity [60] . Even though many studies have been carried out on quartz, corundum, calcite, clays, zeolites etc., there is only a few studies on the f of treated soil using cementitious materials and supplementary additives in the literature. A recent study by Yilmaz [49] suggests that there is a significant relationship between the f potential and strength improvement. It was concluded by Yilmaz that the f may play a role in formation of surface morphology of cement-pozzolan interactions at the onset of hydration. Since f potential gives information concerning characteristics of solid surfaces [40, 41, 49, 60] . Fig. 14 indicates the f of untreated soil, treated soil samples with 6% and 8% cement at different pH values at 7 and 28 days of curing. As can be seen from the figure, increasing the cement content in the soil matrix increased the surface negative charges in soil at different pH levels. Also, it was observed that the negative surface charge of cemented soil increased in the course of time. Previously, it was reported that the change in the f is either as a result of changes in the surface charge or adsorption of ions to the surfaces [40] . As for cement and its hydration products, the surface is charged due to dissociation of surface groups or adsorption of ions from the electrolyte solution [59] . Mainly, the magnitude and sign of f depend on the balance between the available surface groups on C-S-H (SiO À and SiOCa + ). Furthermore, as reported earlier by Plank et al. [41] C-S-H shows a negative surface charge at high pH due to adsorption of ions on its surface. So, the higher negative surface charge of soil particles in this study can be well explained by formation of C-S-H as one of the hydration products when cement was added to the matrix. Fig. 15 (a)-(d) exhibits the f of nanosilica (15 nm and 80 nm) in 6% and 8% cement treated soil samples at 7 and 28 days of curing. It was observed that the addition of nanosilica further increased the negative surface charge of soil particles at all ages. The higher magnitude of negative charge in samples with nanosilica is due to formation of higher amount of C-S-H in the matrix. In previous works [10, 27, 28] the effect of nanosilica on higher formation of C-S-H was also reported when nanosilica was added to the cement composites. The higher formation rate of C-S-H and its accelerated render was related to high surface area and pozzolanic reactivity of nanosilica [26] . Furthermore, it was reported that inclusion of nanosilica to cement restricts crystallization of calcium hydroxide due to nucleation effect [25, 27, 44] as well as its consumption through the pozzolanic reactions. Zingg et al. [61] reported that concentration of calcium hydroxide also influences zeta potential. They stated that lowering calcium concentration below 0.4 mmol/l negates the surface charge of cement. So it is safe to state that the augmentation in negative surface charge of particles can be explained with two mechanisms; increase in the formation of C-S-H and the decrease in crystallization of calcium hydroxide when nanosilica was added to the cement treated soil matrix. The increase in the unconfined compressive strength in cemented residual soil with the presence of nanosilica can also be corresponded to higher formation of secondary C-S-H gel when nanosilica was added. Besides, the higher hydration rate can explain the lower water content and consequently higher electrical resistivity of cemented soil samples with nanosilica.
The figure is also conclusive that size of nanosilica was effective on changes in surface charge of particles over time. As can be seen, 15 nm particles of silica were more effective on the increase of negative surface charge of particles at the early age of 7 days while, nanosilica of larger size showed an equal influence on the f at 28 days. Besides, nanosilica was more effective on the magnitude of surface negative charges with the presence of 8% cement. However, the addition of more than 0.4% nanosilica had an adverse effect on the f. The agglomeration of nanoparticles with excessive amount may reduce the negative surface charge of cement treated, which lead to declined formation of hydration products. Furthermore, it can be observed that the effect of 80 nm silica particles on f was higher than that of 15 nm silica particles over the curing days. The findings from f well explains the effect of the dosage and size of nanosilica on physical properties of treated samples as illustrated earlier (Figs. 7-10).
Effect of nanosilica on cation exchange capacity (CEC)
The Cation exchange capacity (CEC) of soil is a measure of quantity of negatively charged sites on soil surfaces that can retain positively charged ions. As can be seen from Fig. 16(a) and (b), the CEC of residual soil tested is about 12.7 meq/100 g in this study, which is very close to the minimum requirement recommended by Rowe et al. [62] (10 meq/100 g). It was also observed that the addition of cement to the soil samples resulted in an increase in CEC of the samples. The results are also illustrative that CEC of the cement treated soil increased from a value of 12.7 meq/l00 g in untreated samples to a maximum value of 37.4 meq/100 g when 8% cement was added. The increase in the CEC indicates that soil particles can retain higher positively charged ions showing their higher neg- ative surface charge, which is consistent with results from f. Similarly, the addition of nanosilica increased the CEC at 7 and 28 days.
As can be seen, the CEC of the cement-treated soil with 0.4% nano-SiO 2 and 8% cement was 37% higher than soil treated with 8% cement only. The increase in CEC of samples with nanosilica also shows the higher render of additional C-S-H in the matrix. However, addition of more than 0.4% nanosilica had an adverse effect on the CEC, which is an implicit indication of agglomeration of nanoparticles. The agglomeration of nanoparticles with excessive amount may reduce the chemical and physical effect of nanosilica on formation of hydration products through pozzolanic reactions. Furthermore, it can be observed that the effect of 15 nm silica particles on CEC was higher than that of 80 nm silica particles. To further investigate the effect of size and the curing age on CEC and indirectly on C-S-H formation, Table 3 illustrates the percentage of increase rate of each sample comparing to the associated controller at 7 and 28 days. As can be seen, the increasing effect of 15 nm silica particles on the CEC was higher at 7 days whilst 80 nm particles increased the CEC largely at 28 days. The results show the rate of additional C-S-H formation over time when two sizes of nanosilica were used. The changes in CEC rate are consistent with the compressive strength development rate at 7 and 28 days (Fig. 8 ) 
SEM
Three specimens, namely an untreated specimen, a specimen treated with 8% cement, and a specimen treated with 0.4% SiO 2 nanoparticles at 7 and 28 days were subjected to SEM analysis ( Fig. 17) . It was revealed that the untreated soil consisted of particle packs and large voids. Micro-pores in the untreated soil may be due to aggregation of clay particles with the presence of water to form large particle packs resulted in voids across the soil matrix. Fig. 18(a) and (b) illustrate cemented samples at 7 and 28 days in which pores between the particles were filled with cementitious gel and hence smaller pores were observed contributing to a denser soil matrix. As can be seen, the addition of cement densified the matrix at a higher level at 28 days, which shows the continuity of the hydration at the later ages of hydration. This is consistent with the results of the FTIR and XRD analyses discussed earlier. Fig. 19(a)-(d) illustrates the microscopic images of cement treated soil with the presence of nanosilica at 7, and 28 days of curing. As can be seen, a dense matrix was formed and pores were filled to a great extent. It may reflect the formation of secondary C-S-H gel in reactions between the CH and the SiO 2 nanoparticles. These reaction products can envelope the soil particles and strengthen the soil. Also, nano-filling effect of SiO 2 particles may increase the packing density of the soil [16, 30, 63] . At the same time, nucleation effect of particles may help to a better distribution of the C-S-H in the matrix [28, 44, 25, 64] . The SEM analysis is consistent with a study by Stefanidou et al. [25] . It was shown that more stable C-S-H gel was formed when nanosilica was added to cement mortars, which further densified the matrix. As can be seen, the matrix of soil is denser at 7 days when 15 nm silica particles were added to the matrix. However, an intact and dense matrix of samples with larger nanosilica particles was observed at later ages, which shows the reactivity of 80 nm particles mainly initiated over time. The results from SEM images well reflect the results from chemical tests and compressive strength of samples. A less interconnected pore system in the matrix of samples, as seen in the figure, can also explicate the higher resistivity of samples with nanosilica particle.
Conclusions
The overarching purpose of this study was to investigate effects of size and replacement content of nanosilica on strength development of cemented residual soil over time. In general, it was observed that 15 nm silica particles initiated the chemical reactions at early ages while the results indicated later efficiency of 80 nm silica particles at ages after 14 days. The results were conclusive that addition of nanosilica increased the compressive strength of samples at all ages of curing, however, lower loads of SiO 2 nanoparticle resulted in higher strengths. The addition of higher percentage of nanoparticles adversely affected the strength gain. The water holding capacity was also affected by size and replacement content of nanosilica, which is indicative of changes in hydration rate. The changes in the hydration rate was also traced by electrical resistivity test in which a more tortuous pathway for electric current was measured due to higher formation rate of C-S-H. Evidence provided from changes in Zeta potential and CEC with adding nanosilica supported that the negative surface charge and cation exchange capacity of the studied soil increased and decreased, respectively. The Zeta potential and CEC results showed an increasing negative surface charge of the soil at early ages (7 days) due to higher production of C-S-H gel when smaller size nanosilica at lower replacement content was added to the mix. The efficiency of 80 nm particles of silica was shown to improve after 14 days of curing. Furthermore, agglomeration of nanosilica was confirmed by the decline in negative surface charge for samples in which replacement level exceeded 0.4%. Moreover, the FTIR spectrum of the treated soil showed a broad group of Si-O-Si band in the region of 600-1500 cm À1 . The differences in the transmittance percentages and positions of the peaks in the untreated soil, Fig. 19 . Scanning electron micrograph of C-S-H gel formed in 8% cement-treated specimens with SiO 2 nanoparticles with 15 nm (a) at 7 Days, (b) at 28 Days and treated samples with 80 nm (c) at 7 days and (d) at 28 Days. and the soil-cement mixture with nanosilica also revealed that the nature and amount of the C-S-H phase changed and confirmed the additional formation of C-S-H gel over the curing time, which was influenced by size and replacement content of nanosilica. As for calcium hydroxide, another major hydration product, XRD test results showed that inclusion of nanosilica to the soil reduced the intensity of peaks related to calcium hydroxide. SEM images showed that there was a dense matrix formed and pores were filled largely in specimens with both sizes after 14, and 28 days. It also reflected the formation of secondary C-S-H gel in reactions between the hydration products and the SiO 2 nanoparticles.
